Hepatic nuclear factor 1␣ (HNF1␣) is a key regulator of development and function in pancreatic beta cells and is specifically involved in regulation of glycolysis and glucose-stimulated insulin secretion. Abnormal expression of HNF1␣ leads to development of MODY3 (maturity-onset diabetes of the young 3). We report that NK6 homeodomain 1 (NKX6.1) binds to a cis-regulatory element in the HNF1␣ promoter and is a major regulator of this gene in beta cells. We identified an NKX6.1 recognition sequence in the distal region of the HNF1␣ promoter and demonstrated specific binding of NKX6.1 in beta cells by electrophoretic mobility shift and chromatin immunoprecipitation assays. Site-directed mutagenesis of the NKX6.1 core-binding sequence eliminated NKX6.1-mediated activation and substantially decreased activity of the HNF1␣ promoter in beta cells. Overexpression or small interfering RNA-mediated knockdown of the Nkx6.1 gene resulted in increased or diminished HNF1␣ gene expression, respectively, in beta cells. We conclude that NKX6.1 is a novel regulator of HNF1␣ in pancreatic beta cells. This novel regulatory mechanism for HNF1␣ in beta cells may provide new molecular targets for the diagnosis of MODY3.
Hepatic nuclear factor 1␣ (HNF1␣)
2 is a key transcription factor involved in glucose-stimulated insulin secretion (GSIS) and is the major factor involved in most cases of maturity-onset diabetes of the young (MODY), which accounts for ϳ1% of worldwide diabetes cases (1, 2) . Precise cellular concentrations of HNF1␣ are required to maintain normal beta cell function, and both underexpression and overexpression have been shown to lead to diabetes (3) (4) (5) (6) (7) (8) (9) .
HNF1␣ is an important gene involved in the developmental regulation of the liver, pancreas, kidneys, stomach, and intestines (10 -14) . This transcription factor is essential for control of mature cellular phenotype in these tissues. In pancreatic beta cells, HNF1␣ is involved in regulating the transcription of several genes that are involved in glycolysis and GSIS such as insulin (15) , the Glut2 glucose transporter (16) , pyruvate kinase (17) , aldolase B (18), HNF3␥ (19) , and HNF4␥ (19) . Although the regulation of HNF1␣ has been well characterized in hepatocytes, its regulation in beta cells has not been studied in detail, and this gene is assumed to be regulated based on mechanistic studies from hepatocytes (20) .
HNF1␣ has an HNF4␣-binding site in its proximal promoter that has been shown to be sufficient for its activation in hepatocytes (21, 22) , but evidence exists to suggest that the mechanism for regulation of HNF1␣ may different in beta cells. First, HNF1␣ is expressed as three isoforms (A, B, and C) that have tissue-specific distribution ratios (14) . HNF1␣A is the predominant form in hepatocytes, whereas HNF1␣B is predominant in pancreatic islets. It has been shown that HNF1␣B and HNF1␣C have greater transactivation potential than HNF1␣A (23) . Second, the major regulator of this gene, HNF4␣, is predominantly expressed from the P1 promoter in hepatocytes, whereas in the pancreas, only transcripts from the P2 promoter can be detected according to most reports (24 -26) . HNF4␣ transcripts expressed in the pancreas from the P2 promoter have a truncated N-terminal region containing the transactivation domain, and these isoforms have been shown to have lower transactivation potential compared with isoforms expressed from the P1 promoter (27) (28) (29) . This suggests that these HNF4␣ isoforms expressed from the P2 promoter may be insufficient to fully activate HNF1␣ in the pancreas. Third, Huang et al. (30) have show that, although a Ϫ497-bp proximal HNF1␣-luciferase reporter was activated in hepatocytes, it failed to be activated in rat insulinoma (INS1) beta cells, and this promoter contains the proximal HNF4␣-binding site used for activation in hepatocytes. The aforementioned data suggest that HNF1␣ may utilize a different mechanism for gene transcription in beta cells than previously identified for hepatocytes.
NK6 homeodomain 1 (NKX6.1) is a homeodomain transcription factor involved in pancreatic differentiation and beta cell homeostasis (31) . In mature human islets, it is exclusively expressed in beta cells (32) and is required for normal GSIS (33) . Overexpression of NKX6.1 has been shown to increase GSIS in rat islets (34) . It is also of interest that islets isolated from type 2 diabetic patients have altered NKX6.1 expression (35) . However, the specific function of NKX6.1 in GSIS of mature beta cells remains elusive.
In this work, we hypothesized that a distinct regulatory mechanism for HNF1␣ gene expression exists in pancreatic beta cells. Here, we report a novel finding that NKX6.1 is a key regulator of HNF1␣ expression in beta cells, which may provide insight into understanding the regulation of GSIS in beta cells.
EXPERIMENTAL PROCEDURES
Cell Culture-NIH 3T3 mouse fibroblast cells, rodent insulinoma cell lines (␤TC3, NIT1, and INS1), and Huh7 human hepatocarcinoma cells were cultured in Dulbecco's modified Eagle's medium supplemented with 10% fetal bovine serum, 1% penicillin/streptomycin, and 0.1% kanamycin in a 37°C incubator with 100% humidity and 5% CO 2 .
Plasmid Construction-For HNF1␣-luciferase, 2772 bp of the mouse HNF1␣ proximal promoter was cloned into a pGL3 vector (Promega) using the EcoRI and BglII restriction sites. The pGL-TK expression vector was purchased from Promega. The pcDNA3 vector was purchased from Invitrogen. For pCMV-PDX1, the human PDX1 expression plasmid (pCMV6-XL5) was purchased from OriGene. The human NKX6.1 expression plasmid (pBAT12) was a generous gift from Dr. Michael German (University of California, San Francisco, CA). The mouse Ngn3 expression plasmid was a generous gift from Dr. Marko Horb (Institute de Recherches Cliniques de Montréal, Montréal, Quebec, Canada). Mouse Ngn3 cDNA was cloned into the pcDNA3 vector using the BamHI restriction site. Human MafA cDNA was cloned into the pTYF lentiviral vector cassette under the control of the elongation factor 1␣ promoter using the BamHI and SpeI restriction sites. Mouse NeuroD1 cDNA was cloned into the pcDNA3.1CT-GFP-TOPO vector. The Xenopus Pax6 expression plasmid (a generous gift from Dr. Marko Horb) was derived by inserting Pax6 cDNA into the pcDNA3 vector using the HindIII and XhoI restriction sites. The human HNF1␣ expression plasmid was a generous gift from Dr. Michael German. Human HNF1␣ cDNA was cloned into the pCMV-Sport6 vector. The human HNF1␤ and mouse HNF4␣ expression plasmids (pCMV-Sport6) were purchased from Open Biosystems. Mouse Pbx1 was cloned into the pcDNA3 vector using the BamHI and XbaI restriction sites.
Transient Transfection and Luciferase Assays-Cells were cultured as indicated above and transfected with 0.1-1.0 g of DNA (as indicated) using Lipofectamine 2000 reagent (Invitrogen) according to the manufacturer's protocol. 0.02 g of pTK-Luc plasmid was used as a transfection control in all experiments. Cell lysates were harvested and measured 24 h post-transfection using the Dual Luciferase reporter kit (Promega) according to the manufacturer's protocol except that only 50 l of each substrate reagent was used (as optimized by our laboratory) to read samples using a Lumat LB 9507 luminometer (Berthold Technologies). All luciferase assays were done in triplicate.
Site-directed Mutagenesis-Primers were designed (IDT Technologies) to induce a block mutation of 4 -6 bp as indicated at the core sequence, inducing a restriction enzyme site for easy confirmation of mutation. Primer sequences were as follows: Nkx6.1, 5Ј-GGACCTGTTCCTCGAGGAAATGTG-ACACTTTAC-3Ј (forward) and 5Ј-GTAAAGTGTCACATTT-CCTCGAGGAACAGGTCC-3Ј (reverse); and HNF4␣, 5Ј-CTT-GCAAGGCTGAAGTCCGGCCGTCAGTCCCTTCCTAAGC-GCAC-3Ј (forward) and 5Ј-GCTTAGGAAGGGACTGACGGC-CGGACTTCAGCCTTGCAAGTGCAG-3Ј (reverse).
Mutations were induced using PCR on the relevant plasmid with Pfu polymerase. PCR products were incubated for 1 h with the DpnI (New England Biolabs) methylation-sensitive restriction enzyme to remove template plasmid and transformed into competent Escherichia coli. Positive colonies were inoculated in LB medium (MP Biomedicals), and plasmid was purified using a Qiagen plasmid purification maxikit.
Electrophoretic Mobility Shift Assay (EMSA)-Biotin-labeled probes were designed (IDT Technologies) spanning the cisregulatory element identified. Sequences were as follows: 5Ј-GAAGGATGGACCTGTTCCTAATGGAAATGTGACA-CTTTA-3Ј (forward) and 5Ј-TAAAGTGTCACATTTCCAT-TAGGAACAGGTCCATCCTTC-3Ј (reverse). Nuclear lysate from beta cell lines (INS1, ␤TC3, and NIT1) was prepared using the NE-PER nuclear extraction reagent (Pierce) according to the manufacturer's protocol. INS1 cells were a generous gift from Dr. Christopher Newgard (Duke University Medical Center, Durham, NC). Anti-NKX6.1 polyclonal antibodies (Santa Cruz Biotechnology) were used. Binding reactions were performed using the LightShift chemiluminescent EMSA kit (Promega) according to the manufacturer's protocol. Binding reactions were resolved by PAGE using a 7.5% Tris-HCl-polyacrylamide gel (Bio-Rad). Complexes were detected with the chemiluminescent nucleic acid detection module (Pierce) according to the manufacturer's protocol.
Chromatin Immunoprecipitation (ChIP) Assay-ChIP assay was performed using the ChIP assay kit (Millipore) according to the manufacturer's protocol. Beta cells cultured in 10-cm culture dishes were used both with and without transfection as indicated. Specific polyclonal antibodies to NKX6.1 or HNF4␣ (Santa Cruz Biotechnology) were used for immunoprecipitation. Following DNA isolation, sequences were evaluated by PCR using primers (IDT Technologies) flanking the respective cis-regulatory elements as indicated. Amplification primer sequences were as follows: Nkx6.1, 5Ј-CCCATCCAGGATGA-AGTGAG-3Ј (forward) and 5Ј-GACAAGGAGTTCTGGGC-TAG-3Ј (reverse); and HNF4␣, 5Ј-TCACTCCCAATTGCAA-GCCATG-3Ј (forward) and 5Ј-TGCTGCTCTGTTTACAT-TGG-3Ј (reverse).
Gene Expression and Quantitative Reverse Transcription (RT)-PCR-Cells were cultured as described above and transfected with DNA or small interfering RNA (siRNA) as indicated using Lipofectamine 2000 reagent according to the manufacturer's protocol. Nkx6.1-specific siRNA and control siRNA were purchased from Santa Cruz Biotechnology. Total RNA was extracted from cells using TRIzol reagent (Invitrogen), and RT-PCR and real-time RT-PCR were performed as described previously (36) . 3 Statistical Analysis-Statistical analysis was carried out using the two-sample Student's t test. A p value Ͻ0.01 was considered significant. All indicated significant values are in comparison with controls.
RESULTS

HNF1␣ Employs a Distinct Regulatory Element in Beta Cells-
Regulation of the HNF1␣ promoter has been extensively studied in hepatocytes. Transcription is regulated through a TATAlike box (Ϫ21 to Ϫ15) and proximal HNF4␣-binding site (Ϫ47) (21, 22, 37) . The HNF1␣ Ϫ497-bp promoter (containing the HNF4␣-binding site) is fully active in hepatocytes but not in INS1 rat insulinoma cells (30) , providing evidence that its regulation may be controlled by alternative elements in other tissue types. To test this hypothesis, we cloned a 2772-bp region of the mouse HNF1␣ proximal promoter upstream of the firefly luciferase gene in a pGL3 vector to study its regulation in pancreatic beta cells. This 2772-bp HNF1␣ promoter has full activity in both beta cells and hepatic cells (Fig. 1, A and B) . We created several truncated HNF1␣ promoter constructs by 5Ј-deletion analysis (Fig. 1A ) using restriction enzymes and determined that the major regulation of HNF1␣ in beta cells is conferred through a more distal regulatory element (Ϫ2772 to Ϫ1820). Loss of this regulatory region significantly diminished transactivation of the HNF1␣ reporter in beta cells (Fig. 1A) but not in hepatic cells (Fig.  1B) . NIH 3T3 cells, in which the HNF1␣ promoter is inactive, served as a control. This result shows that there is indeed a distinct regulatory region employed by beta cells for the regulation of HNF1␣.
HNF4␣-binding Site Is Only Partially Responsible for HNF1␣ Activation in Beta Cells-Next, we evaluated the role of HNF4␣ regulation of HNF1␣ in beta cells. Using sitedirected mutagenesis, we constructed an HNF1␣ reporter with a mutant HNF4␣-binding site (see Fig. 3A ). As reported previously (21, 22, 37) , HNF4␣ was required for transactivation in hepatic cells (Fig.  1C) ; however, mutation of the HNF4␣-binding site only partially diminished transactivation in ␤TC3 cells (Fig. 1C) . This demonstrates that beta cells are regulated by a separate response element that is different from hepatic cells.
HNF1␣ Can Be Activated by NKX6.1-After finding an HNF1␣ regulatory response element (Ϫ2772 to Ϫ1820) that is beta cell-specific, we were interested in discovering which factors regulate transcription at this site. Several beta cell-specific transcription factors were screened (PDX1, NGN3, MafA, NeuroD1, PAX6, NKX6.1, HNF1␣, HNF1␤, HNF4␣, and PBX1) using transient transfection assays in 3T3 cells with cotransfection of the HNF1␣-luciferase reporter ( Fig. 2A) . Our results confirmed previous reports that HNF1␣ can be activated by HNF4␣ (21, 22, 37) , and we found that NKX6.1 is also a strong activator. NKX6.1 activated HNF1␣ in a concentration-dependent manner (Fig. 2B) and is likely to be the regulator of the cis-regulatory element that is unique to beta cells.
Mutational Analysis of the HNF1␣ Promoter-The literature pertaining to NKX6.1 binding suggests that the most common core DNA sequence utilized by NKX6.1 for binding is 5Ј-TAAT-3Ј (33, 38 -42) or its complement (5Ј-ATTA-3Ј), and it has also been shown to bind a similar sequence (5Ј-ATTT-3Ј) (42) . We visually examined the HNF1␣ promoter sequence FIGURE 1. Tissue-specific regulation of HNF1␣. A and B, deletion analysis of the HNF1␣ promoter. Cells (3T3, ␤TC3, and Huh7) were transfected with various lengths of HNF1␣ promoter-luciferase (Luc) plasmids (1 g) as indicated. Luciferase values are relative to the full-length constructs, which were arbitrarily set to 1.0. For the transactivation control, the shortest construct value for 3T3 and ␤TC3 cells was set as equal. Braces indicates the beta cell-specific cis-response element. C, luciferase activity of the mutant HNF4␣-binding site HNF1␣ promoter. ␤TC3 cells were transfected with 1 g of the indicated normal (open box) and mutant HNF4␣-binding site (closed box) HNF1␣ promoter constructs. The luciferase value of the normal HNF1␣ promoter construct was arbitrarily set to 1.0. All samples were measured 24 h following transfection, and all experiments were repeated independently at least three times. ***, p Ͻ 0.001.
conferring strong transactivation in beta cells (Ϫ2772 to Ϫ1820) and found that there is a single 5Ј-TAAT-3Ј DNA sequence in this entire region (Fig. 3A ). An alignment of this promoter region between mouse and rat shows a very high level of homology similar to alignment of the promoter region near the known HNF4␣-binding site (Fig. 3B) . This prompted us to use site-directed mutagenesis to induce a mutation (Fig. 3A) at this potential NKX6.1-binding site to examine the effect on transactivation by NKX6.1. We also generated a double mutant HNF1␣-luciferase reporter with both the HNF4␣-binding site mutation and the potential NKX6.1-binding site mutation.
Using our mutant plasmids, we examined the ability of HNF4␣ or NKX6.1 to activate the HNF1␣-luciferase reporter in 3T3 cells (Fig. 4A) . Results were as expected and demonstrated that the normal HNF1␣ promoter can be activated by either HNF4␣ or NKX6.1. The mutant HNF4␣-binding site failed to respond to HNF4␣ but could still be activated by NKX6.1. Similarly, the mutant NKX6.1-binding site failed to respond to NKX6.1 but could still be activated by HNF4␣. The double mutant failed to respond to either HNF4␣ or NKX6.1. This result suggests that our mutant site (5Ј-TAAT-3Ј) is a real NKX6.1-binding site that is used for initiating HNF1␣ transcription.
NKX6.1-binding Site Mutation Reduces Activation of the HNF1␣ Promoter in Beta
Cells-Because the NKX6.1-binding site mutation was sufficient to prevent NKX6.1-mediated activation of the HNF1␣-luciferase reporter in 3T3 cells, we next assessed its function in beta cells. Transfection of the mutant NKX6.1-binding site construct showed ϳ50% reduced activity compared with the normal HNF1␣-luciferase reporter in ␤TC3 beta cells (Fig. 4B) . Four other random 5Ј-TAAT-3Ј mutant constructs were generated and had no change in activity compared with the normal promoter construct in similar assays (data not shown). Activity was not completely diminished in the mutant NKX6.1-binding site construct, suggesting that other beta cell-specific transcription factors, such as HNF4␣ and PAX6, may play a role in regulation of this gene. This result suggests that NKX6.1 is a major beta cell-specific activator of HNF1␣ in beta cells.
NKX6.1 Can Bind to the HNF1␣ Distal Regulatory ElementTo further evaluate DNA-protein interaction between NKX6.1 and the HNF1␣ distal promoter element (Ϫ2772 to Ϫ1820), we designed biotin-labeled oligonucleotide probes spanning the potential NKX6.1-binding site (5Ј-TAAT-3Ј). Using EMSA, we demonstrated that NKX6.1 protein from beta cell lysate can bind to our probe (Fig. 5A, lane 2) . The addition of anti-NKX6.1 polyclonal antibody caused a disruption and supershift of the DNA-protein band (lane 3), confirming that the protein is indeed NKX6.1. An unlabeled probe was able to compete for binding NKX6.1 (lanes 4 and 5) , whereas a nonspecific probe was unable to compete (lane 6). This result confirms that NKX6.1 protein is capable of binding the HNF1␣ distal promoter element.
NKX6.1 Occupies the HNF1␣ Distal Regulatory Element in Beta
Cells-To confirm that NKX6.1 actually occupies the HNF1␣ promoter endogenously in beta cells, ␤TC3 cells were grown normally (Ϫ) or transfected with the NKX6.1 expression plasmid (ϩ). Following ChIP with anti-NKX6.1 polyclonal antibody, we were able to amplify this DNA sequence from normal ␤TC3 cells (Fig. 5B, left panel) . The ␤TC3 cells transfected with the NKX6.1 expression plasmid showed an increase in the intensity of the band, confirming NKX6.1 binding at this site. Our cumulative data demonstrate that NKX6.1 occupies the endogenous HNF1␣ promoter cisregulatory element in ␤TC3 cells and that it is able to positively regulate its expression.
We also evaluated the occupancy of HNF4␣ at the proximal binding site of the HNF1␣ promoter as reported previously for hepatocytes. We performed a similar ChIP assay (Fig. 5B, right  panel) with ␤TC3 cells that were grown normally (Ϫ) or transfected with the HNF4␣ expression plasmid (ϩ). Following ChIP with anti-HNF4␣ polyclonal antibody, we were unable to amplify this DNA sequence from normal ␤TC3 cells, indicating that HNF4␣ may not be a major regulator of HNF1␣ in beta cells. However, the ␤TC3 cells transfected with the HNF4␣ expression plasmid (hepatocytespecific isoform) showed a weak amplification band, indicating that the binding site may still have function to allow its detection. It may also be that HNF4␣ binding cannot be detected due to the relatively lower binding affinity of beta cell-specific HNF4␣ isoforms; therefore, we cannot exclude the possibility that HNF4␣ is involved in HNF1␣ regulation.
NKX6.1 Regulates Gene Expression of HNF1␣ in Pancreatic Beta
Cells-To determine a role of NKX6.1 in regulating HNF1␣ in beta cells, mouse beta cell lines (␤TC3 and NIT1) were used for this study. First, we confirmed that NKX6.1 indeed can bind to the promoter probe of HNF1␣ by EMSA as shown in Fig. 6A . Next, we confirmed that both beta cell lines express mRNA for key pancreatic transcription factors (including insulin, Pdx1, Nkx6.1, and HNF1␣) that are important for maintaining beta cell function (Fig. 6B) . To determine whether NKX6.1 regulates HNF1␣ in beta cells, the effects of NKX6.1 overexpression or knockdown by its siRNA on HNF1␣ mRNA levels were investigated. As shown in Fig. 6C , overexpression of NKX6.1 in NIT1 beta cells markedly increased endogenous HNF1␣ expression by 3-fold over the control (upper panel), whereas Nkx6.1-specific siRNA knocked down endogenous expression of HNF1␣ by ϳ80% of the original level (lower panel), providing further support that NKX6.1 is a regulator of HNF1␣. Cyclin B expression was used as an internal control because it has been previously shown to be regulated by (34) . Our data confirm that NKX6.1 is a major activator of HNF1␣ in pancreatic beta cells.
NKX6.1 through distal promoter binding
DISCUSSION
In this study, we have shown a distinct mechanism of regulation of HNF1␣ in beta cells. We have demonstrated that NKX6.1 is a key regulator for HNF1␣ by binding to the distal region of the HNF1␣ promoter in beta cells, which is different from the situation in hepatocytes. We confirmed a specific physical binding of the HNF1␣ promoter to NKX6.1 protein in beta cells by EMSA and ChIP assay. Furthermore, we also demonstrated that endogenous HNF1␣ gene transcription is indeed regulated by NKX6.1 in beta cells. To the best of our knowledge, this is the first time that NKX6.1 has been reported as a key regulator of HNF1␣ in pancreatic beta cells. NKX6.1 is known to be involved in pancreatic differentiation and beta cell function (31) (32) (33) . Embryonic expression of Nkx6.1 is dependent on NKX2.2 (43, 44) , and in mature beta cells, it is regulated by PDX1 (44). NKX6.1 maintains beta cell phenotype in part by direct interaction with the glucagon promoter, suppressing its activity (33, 38) . NKX6.1 inhibits glucagon expression by competing with PAX6 (glucagon activator) for occupancy of the G1 element on the glucagon promoter. NKX6.1 has also been linked to beta cell proliferation by up-regulating cyclins A, B, and E, as well as many regulatory kinases (34) .
Studies in knock-out mice reveal that the Nkx6.1 gene is required for beta cell development, terminal differentiation, and biological function (43) . Overexpression of NKX6.1 has been shown to increase GSIS in rat islets (34) . To address what happens to gene expression in beta cells when NKX6.1 expression is altered, we performed functional studies in beta cell lines to show the effects of NKX6.1 overexpression and knockdown (Fig. 6 ). As expected, NKX6.1 overexpression led to an increase in HNF1␣ expression as measured by real-time PCR, whereas Nkx6.1 knockdown by siRNA led to decreased expression. In addition, Uchizono et al. (45) have shown that HNF1␣ deficiency severely constrains the extent of beta cell proliferation in mice, leading to significant changes in blood glucose levels. In the same study, by exploring gene expression profiles using immortalized beta cells generated from HNF1␣-deficient homozygous mice, they also revealed decreased Nkx6.1 gene expression. The results also show changes in expression of genes involved in beta cell growth and proliferation, providing insight into the mechanism whereby HNF1␣ affects beta cell function. In terms of beta cell functional studies using islets, Newgard and co-workers (34) have shown that overexpression of NKX6.1 increases GSIS in rat and human islets by inducing beta cell replication. In contrast, knockdown of NKX6.1 in human islets leads to impaired GSIS (34) .
A recent report demonstrated that mutations affecting the expression of the B-lymphocyte kinase gene (BLK) were found to be responsible for some patients with MODY symptoms but without mutations in known MODY genes (46) . BLK is a previously unidentified modulator of insulin synthesis and GSIS in beta cells by the mechanism of enhancing the expression of NKX6.1, providing further evidence that NKX6.1 may be a new candidate gene involved in MODY.
NKX6.1 homeodomain constructs have been shown to bind sequences containing the homeodomain core-binding site (5Ј-TAAT-3Ј or 5Ј-ATTA-3Ј) and direct both gene repression and gene activation (39, 40) . In its own promoter, NKX6.1 has been shown to bind a similar sequence (5Ј-ATTT-3Ј) to positively regulate its own expression (42) . NKX6.1 has the ability to function as both a transcriptional activator and repressor, which may be sequence-dependent (42) . The transcriptional repression domain has been isolated to the N terminus (40) , whereas the transcriptional activation domain has been shown to be dependent on the C terminus (42) . The C terminus has also been observed to interfere with DNA binding but greatly enhance specificity for homeodomain core-containing sequences (41) .
Previous work on HNF1␣ expression has established that alternative isoforms of HNF1␣ are generated by post-transla- tional modification (14, 23) . Three separate isoforms have been identified: HNF1␣A, HNF1␣B, and HNF1␣C. These isoforms have been confirmed by real-time PCR, and no evidence for additional forms was found (23) . The different isoforms are generated through differential selection of polyadenylation and alternative splicing, generating distinct 3Ј-ends (23) . Furthermore, HNF1␣ transcription does not use an alternative promoter as demonstrated by 5Ј-rapid amplification of cDNA ends analysis (23) . The different HNF1␣ isoforms are distributed differently between tissues and during different time points in development, suggesting that they may control gene expression in a temporal and tissue-specific manner. The alternative isoform ratios may also contribute to differential gene regulation between cell types. Alternative splicing of transcripts increases versatility of function of products, and several documented proteins act as activators and repressors from the same gene (47) .
NKX6.1 Regulates HNF1␣ in Beta Cells
Several studies in mice have demonstrated the importance of HNF1␣. HNF1␣ knock-out mice develop many symptoms of diabetes (7) . Beta cell dysfunction occurs in HNF1␣ knock-out mice, marked by hyperglycemia and impaired glucose tolerance without loss of beta cell mass (5) . Genes involved in beta cell regulation and metabolism are expressed abnormally in HNF1␣ null mice, such as Glut2, pyruvate kinase, and insulin, as well as the islet-enriched transcription factors Pdx1, HNF4␣, and NeuroD1 (6) . HNF1␣ cellular concentration is critical for beta cell homeostasis. HNF1␣ knock-out mice have abnormal beta cell gene expression, impaired glucose tolerance, and fasting hyperglycemia, leading to the development of diabetes (4 -7). Mice engineered to overexpress HNF1␣ also develop a diabetic phenotype (8), marked by compromised islet morphology and reduced beta cell mass. HNF1␣ cellular concentration is also critical for epigenetic maintenance. Studies of HNF1␣ null murine tissues demonstrate that loss of HNF1␣ leads to modification of chromatin structure and alters gene expression (3) .
MODY is a form of monogenetic diabetes caused by an autosomal dominant mutation in one of several genes. The most prominent form of this disease (Ͼ70%) is MODY3, caused by mutations affecting expression of HNF1␣ (48 -51) . MODY3 is characterized by adolescent onset of hyperglycemia that progressively worsens with age and most often requires pharmacological treatment. Patients with MODY3 often suffer from diabetic complications.
Defining the etiology of MODY is essential for proper pharmacogenetic treatment of the disease (49, (52) (53) (54) . HNF1␣ regulates the expression of a plethora of genes involved in GSIS (51) , and mutations result mainly in defective glucose metabolism and insulin secretion in beta cells (51) . For this reason, it is not surprising that MODY3 patients respond well to treatment with oral sulfonylureas, given that these drugs bind the K ATP FIGURE 6. Effects of NKX6.1 overexpression or knockdown on HNF1␣. A, EMSA. EMSAs were conducted with ␤TC3 and NIT1 cell lysates and biotin-labeled HNF1␣ promoter oligonucleotide (Probe) as indicated. Arrows indicate NKX6.1 binding and supershift. In competition assays, DNA binding reactions were preincubated with 10-fold (10ϫ) or 100-fold (100ϫ) unlabeled HNF1␣ oligonucleotide or nonspecific (NS) oligonucleotide as indicated. Ab, antibody. B, RT-PCR. Total RNA was isolated from the indicated cell lines, and expression of pancreatic genes was measured by RT-PCR. C, effect of NKX6.1 overexpression and knockdown on mRNA levels. NIT1 mouse beta cells were transfected with pCMV-NKX6.1 expression plasmid (upper panel) or Nkx6.1 siRNA (lower panel) for 48 h. Total RNA was isolated and subjected to reverse transcription. Target gene expression was quantified by real-time PCR and expressed as -fold over the control as indicated. Empty vector plasmid (pcDNA3) transfection was used as a negative control and arbitrarily set to 1.0 for all tested genes. channel, which is downstream of glucose metabolism in the insulin secretion pathway (53) . Sulfonylurea therapy can close the K ATP channel, which increases intracellular Ca 2ϩ and stimulates insulin secretion by an ATP-independent pathway. Patients who are misdiagnosed with type 1 or 2 diabetes have successfully transferred to sulfonylurea treatment without deterioration in glycemic control (48, 55, 56) . Following etiologic identification of MODY3, patients have been transferred from insulin to oral sulfonylurea treatment and have shown improved glycemic control, reduced risks of hypoglycemia, and delay or prevention of diabetic complications (48, 55, 56) . However, etiologic identification is essential to alter treatment in MODY patients because sulfonylureas are not effective for all other forms of this disease (49, (52) (53) (54) . Current screening for HNF1␣ mutations is restricted to the coding sequence and proximal promoter (50, 52) .
In up to 20% of MODY patients, the etiology of the disease is unknown, making it very difficult to predict the clinical course of the disease or provide the most effective treatment. We have demonstrated that NKX6.1 is a major regulator of HNF1␣ and that this regulatory system is unique to beta cells. Our work provides potential novel regulatory elements that should be included when screening for mutations that affect HNF1␣ expression. NKX6.1 is uniquely expressed in mature beta cells of the pancreas (32) but is not expressed in the liver (57) . This novel regulatory network may provide potential new targets for diagnosis and MODY and possibly implicate a new gene (NKX6.1) involved in this disease. Identification of novel molecular targets that cause MODY has the potential to greatly improve treatment and the quality of life for a great deal of diabetic patients.
